*S*-adenosyl-[L]{.smallcaps}-methionine (SAM) is a widely used methyl donor[@b1]. Numerous methyl transferases transfer the methyl group from SAM to their respective cellular substrates[@b2], including DNA, mRNA, rRNA, tRNA, histones H3 and H4, ribosomal proteins, and other proteins. The transfer produces *S*-adenosyl-[L]{.smallcaps}-homocysteine (SAH). SAH is hydrolysed by *S*-adenosyl-[L]{.smallcaps}-homocysteine hydrolase (SAHH, EC 3.3.1.1) to [L]{.smallcaps}-homocysteine (HCY) and adenosine (ADO). SAHH is one of the most highly conserved enzymes across kingdoms. SAHH dysfunction is associated with various diseases[@b2], including vascular disorders[@b3], myopathy[@b4], fatty liver[@b5], cancer[@b6], renal insufficiency[@b7] and diabetic nephropathy[@b8]. The molecular mass of each subunit of SAHH ranges from 45 to 55 kDa. The quaternary structures of SAHH can vary among species. The SAHH enzymes from human (HsSAHH)[@b9], rat (RnSAHH)[@b10], *Plasmodium falciparum* (PfSAHH)[@b11], and *Mycobacterium tuberculosis* (MtSAHH)[@b12] have been reported to form homotetramers, whereas the SAHH from the plant *Lupinus luteus* (LlSAHH)[@b13] and the bacterium *Alcaligenesis faecalis*[@b14] have been reported to form homodimers and homohexamers, respectively. Each SAHH monomer consists of two large domains (a cofactor-binding domain and a substrate-binding domain) that are separated by a cleft containing a deep pocket, two hinge regions, and a small C-terminal domain. Comparing the SAHH enzyme in the open form (RnSAHH)[@b10] and closed form (HsSAHH)[@b9] has revealed that the cleft between the two large domains closes upon substrate binding[@b10]. The protomer contains a tightly but not covalently bound endogenous NAD^+^ molecule in the crevice of the cofactor-binding domain. Recent high-resolution crystal structures of LlSAHH[@b13] have revealed a sodium-binding site near the active site of each SAHH protomer, but the biological role of this bound cation is poorly understood. The inhibition of SAHH results in the cellular accumulation of SAH, which is a potent feedback inhibitor of SAM-dependent biological methylation. Because SAHH plays a key role in the regulation of transmethylation in all eukaryotic organisms, a number of SAHH inhibitors have been designed as drugs against various diseases, including cancer, malaria, tuberculosis, and viral infections[@b15]. Crystal structures of pathogenic SAHHs have been reported and used to design selective inhibitors against malaria (PfSAHH)[@b11] and tuberculosis (MtSAHH)[@b12]. Over the past decade, inhibitors against mammalian SAHHs have also been shown to have immunosuppressive[@b16] and plasma homocysteine-lowering effects[@b17]. Several crystal structures and biochemical studies have been reported for mammalian SAHHs[@b9][@b10][@b18][@b19][@b20][@b21][@b22][@b23][@b24][@b25][@b26] and have helped to elucidate the reaction mechanism of SAHH. High-resolution structures of a bacterial SAHH (MtSAHH)[@b12] and a plant SAHH (LlSAHH)[@b13] have recently been reported, but the high-resolution structure of mammalian SAHH in complex with either inhibitor or substrate analogues has not (the resolution limits are currently 2.0 and 2.8 Å for HsSAHH and RnSAHH, respectively). In the absence of a high-resolution structure of mammalian SAHH complexed with an inhibitor (or substrate analogue), a complete structural understanding of the SAHH-substrate interactions has been impossible because understanding of the active-site water molecules is essential for fully understanding the reaction mechanism of mammalian SAHH. This knowledge will be important to guide the structure-based design of novel selective inhibitors of pathogenic or mammalian SAHHs. It is clear that high-resolution structural analysis of mammalian SAHH is of broad interest.

Here, we report the high-resolution crystal structures of mouse (*Mus musculus*) SAHH (MmSAHH) complexed with ADO, 3′-keto-aristeromycin (3KA), and noraristeromycin (NRN) at resolutions of 1.55, 1.55, and 1.65 Å, respectively. These results provide insights into the catalytic mechanism of SAHH. The structures also reveal a sodium cation near the active site. In addition, we have determined a 1.60-Å-resolution crystal structure of MmSAHH complexed with ribavirin (RBV), which is a potent inhibitor of SAHH[@b27][@b28]. Although RBV is a well-known guanosine analogue[@b29], our crystal structure analysis clearly shows that RBV can also act as an adenosine analogue.

Results
=======

Structure determination and overall structure of MmSAHH
-------------------------------------------------------

The MmSAHH enzyme forms a homotetramer, with each subunit consisting of 432 amino acid residues ([Fig. 1](#f1){ref-type="fig"}) and a tightly but not covalently bound NAD^+^ cofactor. The molecular mass of each subunit is approximately 48 kDa. The crystal structures of MmSAHH complexed with adenosine (ADO), 3′-keto-aristeromycin (3KA), noraristeromycin (NRN), and ribavirin (RBV) ([Fig. 2](#f2){ref-type="fig"}) were determined at resolutions of 1.55, 1.55, 1.65, and 1.60 Å, respectively ([Fig. 3](#f3){ref-type="fig"} and Tables S1 and S2). The SAHH crystal has a *222* point group symmetry with two subunits of MmSAHH in the asymmetric unit. They are related by a crystallographic 2-fold axis of symmetry to form the tetramer ([Fig. 4A](#f4){ref-type="fig"}). The overall structure of MmSAHH is very similar to the structures of SAHHs from other species. For simplicity, the following description refers primarily to subunit A of the ADO complex. The secondary structure nomenclature is based on that of HsSAHH[@b9]. The subunit of MmSAHH consists of two large domains separated by a cleft containing a deep pocket, two hinge regions and a small C-terminal domain that is separate from the main body of the subunit and extends to the adjacent subunit ([Fig. 4A,B](#f4){ref-type="fig"}). One of the large domains is responsible for cofactor binding, and the other is necessary for substrate binding. The two large domains are unequal in size; the substrate-binding domain is larger and comprises 212 residues, whereas the cofactor-binding domain comprises 155 residues.

Substrate-binding domain
------------------------

The substrate-binding domain comprises residues 1--181 and 355--385. It is an α/β-type structure consisting of eight α-helices and eight β-strands. The structural core in the domain is an eight-stranded parallel β-sheet in the centre of the domain that is sandwiched by two arrays of three α-helices each ([Fig. 4B](#f4){ref-type="fig"}, blue). Insertion segments of approximately 40 amino acid residues were observed in the substrate-binding domains of PfSAHH[@b11], MtSAHH[@b12], and LlSAHH[@b13], whereas these insertions do not exist in MmSAHH ([Fig. 1](#f1){ref-type="fig"}), HsSAHH[@b9] or RnSAHH[@b10]. The reaction product ADO ([Fig. 4B](#f4){ref-type="fig"}, pink) was found in a crevice of the substrate-binding domain in each of the two subunits in the asymmetric unit of the MmSAHH crystal. The binding mode of the bound ligand molecules will be presented later.

Cofactor-binding domain
-----------------------

The cofactor-binding domain comprises residues 197--351. The basic element of the secondary structure in this domain is a six-stranded parallel β-sheet in the centre of the domain that is sandwiched by two arrays of three α-helices each ([Fig. 4B](#f4){ref-type="fig"}, green). The six-stranded parallel β-sheet is flanked by four α-helices and constitutes a characteristic dinucleotide-binding motif or Rossmann fold composed of two βαβαβ units. Although NAD^+^ was not exogenously added during the protein expression, purification, or crystallisation of MmSAHH, a tightly but not covalently bound endogenous NAD^+^ molecule ([Fig. 4B](#f4){ref-type="fig"}, orange) was observed in a crevice of the cofactor-binding domain of each of the two subunits in the asymmetric unit of the MmSAHH crystal. The binding mode of the NAD^+^ molecule is very similar to those of SAHHs from other species.

C-terminal domain
-----------------

The C-terminal domain comprises residues 386--432 and has a helix-loop-helix structure ([Fig. 4B](#f4){ref-type="fig"}, red). The domain extends to the adjacent subunit and covers the adenosine monophosphate moiety of the bound NAD^+^ molecule in the cofactor-binding domain of the adjacent subunit ([Fig. 4A](#f4){ref-type="fig"}). The side chain of Lys426 forms bifurcated hydrogen bonds with O2′A and O3′A of the adenosine ribose of the NAD^+^ molecule. The Tyr430 side chain forms a hydrogen bond with the pyrophosphate oxygen on the adenine side of the NAD^+^ molecule. Similar inter-subunit interactions have also been reported for SAHHs from other species, and the Lys426 and Tyr430 residues are highly conserved in organisms including bacteria and mammals ([Fig. 1](#f1){ref-type="fig"}).

Conformational changes upon substrate binding
---------------------------------------------

In the MmSAHH tetramer, the four cofactor-binding domains are located in the centre of the tetramer and form a rigid structural core. The substrate-binding domains are located far from the centre of the tetramer, and they have little interaction with each other. Two hinge regions---residues 182--196 (N-terminal hinge) and 352--354 (C-terminal hinge)---connect the two large domains ([Fig. 4B](#f4){ref-type="fig"}, yellow). Accordingly, the substrate-binding domains are more mobile than the cofactor-binding domains. Superposition of the coordinate sets of the cofactor-binding domains of human and rat SAHHs onto the cofactor-binding domain of MmSAHH ([Fig. 4C](#f4){ref-type="fig"}) shows that conformation of the substrate-binding domain of the mouse ternary complex (MmSAHH/NAD^+^/ADO) exhibits a closed conformation similar to that observed in the human ternary complex (HsSAHH/NADH/inhibitor)[@b21] rather than the open conformation observed in the rat binary complex (RnSAHH/NAD^+^)[@b20]. The other (3KA, NRN, or RBV) complexes of MmSAHH also exhibit closed conformations. It is possible that the inter-domain cleft closes upon binding to ADO (or its analogues), although the crystal structure of the open form of MmSAHH has not yet been obtained. Recent crystal structures of SAHH from *Thermotoga maritima* (TmSAHH)[@b30] have shown that the binary complex (TmSAHH/NAD^+^) adopts both open (space group *C*2 crystal) and closed (space group *P*3~1~21 crystal) conformations, despite the absence of bound nucleoside ligands. These observations indicate the flexible nature of the SAHH protomer and are consistent with the results from other crystal structure analyses of SAHHs from various species.

ADO complex
-----------

The binding mode of ADO ([Fig. 2A](#f2){ref-type="fig"}) in MmSAHH is similar to that in SAHHs from other species. The ADO binds in a crevice of the substrate-binding domain ([Fig. 5A](#f5){ref-type="fig"}). The ribose moiety of the ADO forms hydrogen bonds with the side chains of polar residues, including Glu156 and Asp190 (2′-OH), Thr157 and Lys186 (3′-OH), and His55, Asp131, and His301 (5′-OH). Notably, residues 300--304 exhibit dual conformations; some flip out (minor conformer, occupancy of 0.3), and others flip over (major conformer, occupancy of 0.7). In the flipped-out conformation, His301 flips out from the ADO-binding site and is displaced from the 5′-OH group of the bound ADO molecule. The adenine ring moiety of the ADO is accommodated by a hydrophobic pocket composed of Leu54 and Phe362 at the bottom and Leu347 and Met358 on the sides. The nitrogen atoms of the ADO (see [Fig. 2A](#f2){ref-type="fig"}) are fixed by hydrogen bonds with the side chain of Thr57 (N1), the side chain of Glu59, the main-chain carbonyl group of His353 (N6) and the main-chain imino group of His353 (N7). ADO interacts with the residues belonging to the substrate-binding domain (Leu54, Thr57, Glu59, Asp131, Glu156, Thr157, Met358, and Phe362), as well as with those belonging to the hinge regions (Lys186, Asp190, and His353); the latter contribute to stabilising the closed conformation. Residues that are involved in hydrogen bonds with ADO are highly conserved among SAHHs from various species ([Fig. 1](#f1){ref-type="fig"}). An exception is Glu59, which is replaced by Gln in the SAHHs of some species, including MtSAHH and LlSAHH.

3KA complex
-----------

ARI is a carbocyclic analogue of ADO; the ribosyl ring 4′-oxygen of ADO is replaced by a 5′-carbon atom in ARI ([Fig. 2A,B](#f2){ref-type="fig"}). In this crystal structure analysis, co-crystallisation with ARI resulted in oxidation of the 3′-OH group of the nucleoside to form a 3′-keto-ARI (3KA). The omit electron density map of the nucleoside ligand clearly shows that the C3′ is planar, indicating that the O3′ has been oxidised to the keto form ([Fig. 3E](#f3){ref-type="fig"}). This is the first direct evidence from a high-resolution (1.55 Å resolution) crystallographic structure showing the binding of a 3′-keto nucleoside to SAHH, although the binding of 3′-keto-ADO (2.8 Å resolution) and 3′-keto-ARI (2.0 Å resolution) have been reported for a mutant RnSAHH[@b18] and MtSAHH[@b12], respectively. The binding mode of 3KA in MmSAHH ([Fig. 5B](#f5){ref-type="fig"}) is very similar to that of ADO described above, except that the flipped-out conformation of residues 300--304 in the ADO complex is not observed in the 3KA complex. Although the conformation of the 3′ position of the 3KA complex is different from that of the ADO complex (sp^2^ vs. sp^3^), the hydrogen bond network around the O3′ atom of the 3KA complex is very similar to that of the ADO complex. The hydrogen bond distances are 2.78 Å (Thr157-OG\-\--O3′) and 2.83 Å (Lys186-NE\-\--O3′) for the ADO complex, and 2.70 Å (Thr157-OG\-\--O3′) and 2.82 Å (Lys186-NE\-\--O3′) for the 3KA complex.

NRN complex
-----------

NRN is a carbocyclic analogue of ADO that lacks a 5′-carbon ([Fig. 2A,C](#f2){ref-type="fig"}). In other words, the 6′-CH~2~-OH group of ARI is replaced by the 4′--OH group in NRN ([Fig. 2B,C](#f2){ref-type="fig"}). The MmSAHH complexed with NRN is the first crystal structure of SAHH to be solved with NRN. The binding mode of the adenine moiety of NRN in MmSAHH is very similar to that of ADO described above ([Fig. 5C](#f5){ref-type="fig"}). However, there are notable differences in the recognition mode of the OH groups of NRN compared with ADO. The most remarkable observation is the presence of a water molecule adjacent to the 4′-OH group of NRN. The role of this water molecule in the reaction mechanism of SAHH will be fully described in the DISCUSSION section. The water molecule occupies a position equivalent to that occupied by the 5′-OH group in the ADO complex and forms hydrogen bonds with the side chains of His55, Asp131, and His301. As with 3KA complex, in the NRN complex, the flipped-out conformation of residues 300--304 is not observed. Another difference between the ADO and NRN complexes is the role of the Thr157 side chain. In the ADO and 3KA complexes, the OG atom of the side chain of Thr157 forms a hydrogen bond with the 3′-O atom of the nucleosides, whereas the side chain of Thr157 forms a hydrogen bond with the 4′-O atom of the nucleoside in the NRN complex. This difference is caused by a slight change in the torsion angle (χ) around the N-glycosidic bond from χ  =  249° for ADO to χ  =  232° for NRN. Nonetheless, the adenine rings of the nucleosides superpose very well. In the ADO complex, the OG atom of Thr157 is closer to the 3′-O atom (2.78 Å) than the 5′-C atom (3.52 Å). Conversely, in the NRN complex, the OG atom of Thr157 is closer to the 4′-O (structurally equivalent to 5′-C of ADO) atom (2.67 Å) than the 3′-O atom (3.39 Å).

RBV complex
-----------

An antiviral drug RBV[@b29] has been reported to be a potential inhibitor of HsSAHH[@b27] and TcSAHH[@b28]. The MmSAHH complexed with RBV is the first crystal structure of SAHH to be solved with RBV ([Fig. 5D](#f5){ref-type="fig"}). Interestingly, the bound RBV superposes very well onto the bound ADO ([Fig. 5E](#f5){ref-type="fig"}). The hydrogen bond network around the base moiety of the RBV in MmSAHH is structurally equivalent to that of the ADO in MmSAHH. The N4 of the triazole ring of RBV spatially corresponds to the N7 of ADO (see [Fig. 2A,E](#f2){ref-type="fig"}) and forms a hydrogen bond with the main-chain imino group of His353. The amide nitrogen of RBV spatially corresponds to the N6 of ADO (see [Fig. 2A,E](#f2){ref-type="fig"}) and forms hydrogen bonds with the main-chain carbonyl group of His353 and the side chain of Glu59. The carbonyl oxygen of RBV spatially corresponds to the N1 of ADO and forms a hydrogen bond with the side chain of Thr57. Although RBV is a well-known guanosine analogue ([Fig. 2D](#f2){ref-type="fig"}), this crystal structure clearly demonstrates that RBV can also act as an ADO analogue, because the hydrogen bond donors/acceptors are spatially conserved between ADO and RBV by rotation of the single bond between the triazole ring and carboxamide group of RBV ([Fig. 2A,E](#f2){ref-type="fig"}). A hydrogen bond network around the ribose moiety of the RBV in MmSAHH is very similar to that of the ADO in MmSAHH. As in the ADO complex, residues 300--304 exhibit dual conformations in the RBV complex. The flipped-out (major) conformer has an occupancy of 0.6, and the flipped-over (minor) conformer has an occupancy of 0.4. In the RBV complex, the flipped-out conformation is the major conformer, whereas the flipped-over conformation is the major conformer in the ADO complex.

Cation-binding site
-------------------

The high-resolution structures reported here enabled us to identify a sodium cation near the active site in the ADO, 3KA, and NRN complexes ([Fig. 6A](#f6){ref-type="fig"}). One sodium cation was found at the C-terminal hinge region of each protomer. The cation-binding site in MmSAHH is similar to but distinct from those of plant LlSAHH[@b13]. In the active site of LlSAHH ([Fig. 6B](#f6){ref-type="fig"}), the coordination geometry is a distorted octahedral geometry formed by three main-chain carbonyl groups (Thr402, Gly403, and His404), the side chain OH group of Thr402 and two water molecules. In the active site of MmSAHH, the bound sodium cation has a distorted trigonal-bipyramidal geometry and binds to the side chain of Glu59 and four water molecules. The side chain of Glu59 and two water molecules (Wat-A and Wat-B) are the equatorial ligands, and the axial ligands are the remaining two water molecules (Wat-C and Wat-D). The cation-ligand distances are 2.2 to 2.4 Å in all cases and are consistent with the typical Na-O (water or Asp/Glu) distances[@b31][@b32] reported in the Cambridge Structural Database and Protein Data Bank. The Thr402 in LlSAHH is replaced by Met351 in MmSAHH, and the side chain of Met351 is not involved in the cation binding. This difference accounts for the change in the coordination geometry of cation binding between MmSAHH and LlSAHH. The Thr402 in LlSAHH is conserved in other SAHHs containing the 40 amino acid insert (e.g., PfSAHH, MtSAHH, and LlSAHH), whereas the Met351 in MmSAHH is conserved among mammalian SAHHs ([Fig. 1](#f1){ref-type="fig"}). In any case, the bound cation appears to be involved in stabilising the C-terminal hinge region of the SAHH molecule, either directly (as in LlSAHH) or via a water molecule (as in MmSAHH). The cation contributes to the recognition of the adenine ring through hydrogen bonds formed by the main-chain NH- and C = O atoms of His353 (His404 in LlSAHH) in the C-terminal hinge. In the RBV complex of MmSAHH, the sodium cation was not observed in the active site. The change is caused by a different hydrogen bonding network in the RBV complex, in which the side chain of Glu59 exhibits a slightly different conformation than that in the ADO complex.

Discussion
==========

The mechanism of the reversible hydrolysis of SAH by SAHH was first fully described in 1979[@b33], and kinetic studies have been reported in detail[@b34][@b35][@b36]. The reaction involves the oxidation-reduction of the tightly but not covalently bound cofactor NAD^+^. In the first step ([Fig. 7](#f7){ref-type="fig"}, step 1), the 3′-OH group of the adenosine moiety of SAH is oxidised to a ketone by NAD^+^ and a general-base residue in the active site. The 3′-CH hydride and the 3′-OH proton of SAH are directly transferred to NAD^+^ and the base residue, respectively. In the second and third steps, the C4′ proton of the adenosine ribose is removed to form the carbanion intermediate ([Fig. 7](#f7){ref-type="fig"}, step 2), followed by the release of HCY ([Fig. 7](#f7){ref-type="fig"}, step 3). The fourth and fifth steps are the addition of water to the C4′-C5′ double bond through a Michael-type addition ([Fig. 7](#f7){ref-type="fig"}, step 4) and the reduction of the 3′-keto group to form ADO ([Fig. 7](#f7){ref-type="fig"}, step 5). The release of the ADO molecule induces a structural transition from the closed to the open conformation[@b23]. Our crystal structures of MmSAHH support the reaction mechanism proposed in 1979[@b33] and are consistent with the more detailed reaction mechanism reported by Takusagawa and co-workers[@b22]. Additionally, this study provides novel crystallographic evidence that identifies some features of the reaction intermediates and the product ([Figs 7](#f7){ref-type="fig"} and [8](#f8){ref-type="fig"}).

In the NRN complex, a water molecule is observed adjacent to the 4′-OH group of NRN ([Figs 3](#f3){ref-type="fig"}C and [5](#f5){ref-type="fig"}C). This water molecule occupies a position equivalent to that occupied by the 5′-OH group in the ADO complex and thus can be regarded as the donor in a Michael addition to the reaction intermediate 3′-keto-4′,5′-didehydroadenosine, as proposed in 1979[@b33]. It is likely that the NRN complex corresponds to step 4 of the hydrolytic reaction by SAHH. We focused on the roles of active site residues in the Michael addition ([Fig. 8A](#f8){ref-type="fig"}, left). As proposed by Takusagawa and co-workers[@b22], His55 acts as a general base to abstract a proton (cyan, left panel of [Fig. 8A](#f8){ref-type="fig"}) from the bound water molecule and Asp131 donates the proton (green, left panel of [Fig. 8A](#f8){ref-type="fig"}) to the C4′-carbon. His301 is involved in the stabilisation of the reaction intermediate. The roles of these residues are geometrically consistent with the crystal structure of the NRN complex ([Fig. 8A](#f8){ref-type="fig"}, right). The side chains of His55 and His301 and the water molecule are located nearly parallel to the ribose ring. The side chain of Asp131 is located below the ribose ring and is suitable for donating a proton to the α side of the C4′-carbon. Therefore, we are confident that we have obtained the first direct evidence that a water molecule is hydrogen bonded to the side chains of His55 and His301 and is in a suitable position to act as the donor in a Michael addition to the reaction intermediate 3′-keto-4′,5′-didehydroadenosine as proposed in 1979[@b33], even though the geometry of the ribosyl ring of NRN is somewhat different, i.e. 3′- and 4′-ribosyl carbons are not planar ([Fig. 8A](#f8){ref-type="fig"}, right), than that of the true reaction intermediate. Examining the coordinate files of SAHHs in the Protein Data Bank ([www.wwpdb.org](http://www.wwpdb.org)), an equivalent water molecule is also found in the high-resolution structure of LlSAHH/NAD^+^/adenine complex[@b13]. In the adenine complex, the water molecule occupies a position equivalent to that occupied by the 5′-OH group in the LlSAHH/NAD^+^/ADO complex[@b13] and forms hydrogen bonds with the side chains of His62, Asp139, and His350. The above mentioned water molecules observed in MmSAHH/NAD^+^/NRN and LlSAHH/NAD^+^/adenine complexes appear to be important for stabilising the flipped-over conformation by bridging His55 in the catalytic domain and His301 in the cofactor binding domain (MmSAHH numbering). These observations would contribute to the design of SAHH inhibitors, i.e., the position should be occupied by a polar group of the inhibitor.

The 3KA complex represents the binding mode of the reaction intermediate 3′-keto ADO after step 4, even though the ribosyl ring oxygen of ADO is replaced with a carbon atom in ARI ([Fig. 2A,B](#f2){ref-type="fig"}). As previously proposed[@b22], the final step of the hydrolysis reaction catalysed by SAHH proceeds as follows ([Fig. 8B](#f8){ref-type="fig"}, left): a hydride ion (red, left panel of [Fig. 8B](#f8){ref-type="fig"}) of NADH is directly transferred to the 3′-carbon, and the positively charged Lys186 acts as an acid and donates a proton (blue, left panel of [Fig. 8B](#f8){ref-type="fig"}) to the 3′-keto oxygen of the bound 3′-keto ADO. The crystal structure of the 3KA complex is geometrically consistent with this mechanism ([Fig. 8B](#f8){ref-type="fig"}, right). Position 4 of the nicotinamide ring of NADH is located over the ribose ring and is suitable for donating a hydride ion to the β side of the C3′′-carbon. The side chain of Lys186 is located below the ribose ring and is suitable for the formation of the 3′-OH group on the α side of the ribose ring.

In this crystal structure analysis, the co-crystallisation of MmSAHH with ARI resulted in oxidation of the 3′-OH group of the nucleoside to form 3KA ([Fig. 3E](#f3){ref-type="fig"}). Thus, the synthetic reaction of SAHH appears to stall after the first step (the reverse direction of step 5 in [Fig. 7](#f7){ref-type="fig"}). A 3KA complex has also been reported for MtSAHH[@b12]. As reported by Yang *et al*.[@b21], a probable trigger for stabilising the 3′-keto form of the bound nucleoside appears to be a conformationally induced increase in the distance across which hydride transfer must occur between the C4 atom of the nicotinamide ring and the C3′ atom of the nucleoside. The distance was 3.2 Å in the case of 3′-hydroxy form (RnSAHH/NAD^+^/docked substrate), whereas 3.6 Å in the case of 3′-keto form (HsSAHH/NADH/3′-keto neplanocin A)[@b21]. Likewise, the corresponding distance increases from 3.2 Å (MmSAHH/NAD^+^/ADO) to 3.5 Å (MmSAHH/NADH/3KA). To better understand the stability of 3KA over ARI in the MmSAHH/NADH/3KA complex, we employed MM-GBSA scoring[@b37] with the OPLS force field[@b38] and the VSGB2.0 solvent model[@b39]. Table S3 shows that the MmSAHH complexed with 3KA (−96.533 kcal/mol) is more stable than that complexed with ARI (−82.516 kcal/mol), in agreement with the experimental observation that the crystallization of MmSAHH with ARI resulted in the 3KA complex. This explains the strong inhibitory activity of ARI as a mechanism-based inhibitor against SAHH enzymes from various species[@b40][@b41]. In contrast, in the present crystal structure analyses, 3′-keto forms were not observed for the ADO and NRN complexes. This may be explained by the reactivity of the 3′-keto carbon. In the case of ADO, the transfer of a hydride ion from position 4 of NADH to the 3′-keto carbon is facilitated by the presence of electronegative 2′- and 4′-oxygen atoms. The oxygen atoms are separated from the 3′-carbon by two bonds and make the 3′-carbon electropositive; thus, 3′-keto ADO can easily accept the hydride ion and convert to ADO. Similarly, the presence of 2′- and 4′-O (structurally equivalent to the 5′-carbon of ADO) atoms in NRN contribute to the 3′-keto to 3′-CHOH conversion. As described above, replacing the 4′-ribosyl oxygen with a less electronegative 5′-ribosyl carbon in ARI would lower the relative reactivity of the 3′-keto carbon and prevent the hydride transfer from NADH to the 3′-keto carbon. Thus, our observation of the 3′-keto form in the crystals of the ARI ([Fig. 3E](#f3){ref-type="fig"}) complex but not the ADO ([Fig. 3F](#f3){ref-type="fig"}) and NRN complexes is reasonable.

The ADO complex represents the binding mode of the reaction product immediately after step 5 ([Fig. 8C](#f8){ref-type="fig"}). After the formation of ADO, the cleft between the catalytic domain and the cofactor-binding domain opens, and the ADO is released from the active site[@b23][@b24][@b26].

In these crystal structure analyses, His301 forms a dual conformer, flipping out and flipping over, in the ADO complex ([Fig. 5A](#f5){ref-type="fig"}). The difference in the flipped-out and flipped-over conformations is the result of a flip of the peptide plane between the His301 and Phe302 ([Fig. 9](#f9){ref-type="fig"}); the presence of Gly300 facilitates this conformational change. The flexibility of this feature is correlated with the reaction mechanism of SAHH. The Gly300-His301-Phe302 sequence in MmSAHH is completely conserved among SAHHs from various species ([Fig. 1](#f1){ref-type="fig"}). As reported in crystallographic studies of MtSAHH[@b12], His363 corresponds to His301 in MmSAHH and regulates an access channel where the HCY moiety of the SAH substrate can bind (see [Fig. 9](#f9){ref-type="fig"}). In the flipped-out conformation observed in the MtSAHH/NAD^+^/ethylthioadenosine complex, the active site can accommodate the HCY moiety of the substrate SAH, whereas in the flipped-over conformation observed in the MtSAHH/NAD^+^/ADO complex, there is no room for HCY to bind near the 5′-OH group of ADO. This is also true for the MmSAHH/NAD^+^/ADO complex. The putative access channel (HCY-binding site) is occupied by His301 and Phe302 in the flipped-over conformation ([Fig. 9](#f9){ref-type="fig"}).

The conformational variability of the His residue (His301 in MmSAHH) has also been reported for SAHHs from various species. In the case of plant LlSAHH[@b13], the flipped-out conformation of His350 corresponds to His301 in MmSAHH and His363 in MtSAHH and was observed in the LlSAHH/NAD^+^/ADO complex, whereas the flipped-over conformation was observed for the LlSAHH/NAD^+^/adenine complex. Similarly, the flipped-out conformation of the His residue was also observed for His345 in the PfSAHH/NAD^+^/ADO complex[@b11]. The conformational variability of the His residue can be summarised as follows. In the case of a tightly bound inhibitor complex, as in the ARI complex, the His residue adopts the flipped-over conformation. However, both the flipped-out and flipped-over conformations are observed for ADO complexes with the various SAHHs described above. This is because the bound ADO is not exposed to the solvent immediately after step 5 of the hydrolysis reaction ([Fig. 7](#f7){ref-type="fig"}) but will then be exposed to the solvent for release as a reaction product. Our crystal structure shows the dual conformer of His301 in the ADO complex ([Fig. 9](#f9){ref-type="fig"}), indicating a mixture of these two states. Furthermore, as expected, only the flipped-over conformations of His301 were observed in the 3KA and NRN complexes ([Fig. 5B,C](#f5){ref-type="fig"}) because they are reaction intermediate analogues for ADO formation and they should be isolated from the solvent channel. Another explanation for the dual conformer of His301 in the ADO complex is that a possible hydrogen bond between flipped His55 and the ribosyl 4′-oxygen, not formed in the ARI and NRN complexes (the 4′-oxygen of ADO is replaced by a 5′-carbon atom), might alter the hydrogen-bond network consisting of His301, 5′-OH, and His55.

In this study, we report the high-resolution crystal structures of MmSAHH co-crystallised with ADO, ARI, and NRN at resolutions of 1.55, 1.55, and 1.65 Å, respectively. Co-crystallisation with ARI resulted in the oxidation of the 3′-OH group of the nucleoside to generate the 3′-keto form (3KA). The NRN complex is the first crystal structure of SAHH to be solved with NRN, and a water molecule is identified as the candidate donor in a Michael addition to the reaction intermediate 3′-keto-4′,5′-didehydroadenosine. These structures constitute the structural snapshots of the last three molecular stages in ADO formation and provide insights into the catalytic mechanism of SAHH.

Methods
=======

Crystallisation and data collection
-----------------------------------

The purification and crystallisation of MmSAHH were carried out as described previously[@b42]. The purification of MmSAHH was performed by affinity chromatography using a TALON column and gel-filtration chromatography using a Superdex 200 pg column. The absorption spectrum of the purified and concentrated MmSAHH showed no prominent shoulder around 340 nm, indicating that the sample contained little NADH-bound form of the enzyme. The crystals of the MmSAHH/NAD^+^/ADO (or analogue) complexes were prepared as follows. ADO, ARI, and RBV were purchased from Sigma-Aldrich (St Louis, Missouri, USA). NRN was synthesised as described[@b43]. ADO or its analogues (ARI, NRN, or RBV, see [Fig. 2](#f2){ref-type="fig"}) were dissolved in a standard buffer (0.1-M sodium chloride in 0.05-M Tris-HCl buffer at pH 7.4) to a concentration of 20 mM. The 15-mg/ml MmSAHH solution was mixed with aliquots of the respective ligand solutions in a volume ratio of 4:1 with a final ligand concentration of 4 mM and a MmSAHH concentration of 12 mg/ml. A droplet was prepared by mixing an equal volume of the working solution described above and the reservoir solution containing 0.2-M sodium formate and 22%(w/v) PEG3350 in Hepes/NaOH buffer at pH 7.0. The droplet was suspended over 500 μl of reservoir solution in a 24-well plate. The crystals belong to an orthorhombic space group *I*222 with cell dimensions of *a*  = 100.64 Å, *b* = 104.44 Å, and *c* = 177.31 Å for the ADO complex. Crystals of the ADO analogue complexes were isomorphous with the crystals of the ADO complex. Assuming two subunits (a half tetramer) per asymmetric unit, we obtained a V~M~ value of 2.43 Å^3^/Da, corresponding to a solvent content of 49.6%. For data collection under cryogenic conditions, the crystals in a droplet were directly transferred to a harvesting solution \[0.2-M sodium formate, 22%(w/v) PEG3350, and 20%(v/v) glycerol in Hepes/NaOH buffer at pH 7.0\] for 1 minute. Crystals were mounted in nylon loops and flash-frozen in a cold nitrogen-gas stream at 100 K immediately prior to data collection. Data collection was performed at 100 K using a CCD detector with the synchrotron radiation of the Advanced Ring of the Photon Factory (PF-AR). The data were processed using the HKL-2000 package[@b44]. The data collection statistics are summarised in Table S1.

Structure determination and refinement
--------------------------------------

The initial phase determination was performed with the molecular replacement method using one protomer of HsSAHH[@b9] (PDB code: 1LI4) as a search model. Cross-rotation and translation functions were calculated using the program MOLREP[@b45] from the CCP4 suite[@b46] for the ADO complex. Automatic model building and refinement were carried out using the programs ARP/wARP[@b47] and REFMAC5[@b48], and further iterative manual model building and refinement were performed with the programs XtalView[@b49] and REFMAC5. The refined structure of the MmSAHH/NAD^+^/ADO complex was then used for the structure determination of the other ADO analogue complexes by the difference Fourier method. The occupancies of the dual conformations for residues 300--304 observed in the ADO and RBV complexes were manually refined by varying the ratio of the flipped-out and flipped-over conformations. The refinement statistics are summarised in Table S2.

Physics-based scoring
---------------------

To better understand the stability of 3KA over ARI in the MmSAHH/NADH/3KA complex, we employed MM-GBSA scoring[@b37] with the OPLS force field[@b38] and the VSGB2.0 solvent model[@b39]. All computations were carried out through Maestro version 10.1 (Schrödinger, LLC, New York, USA). To computationally model the complex with ARI, we simply substituted the carbonyl oxygen of 3KA in the complex with a hydroxyl oxygen. Before the MM-GBSA scoring, both the experimentally determined MmSAHH/NADH/3KA and the MmSAHH/NAD^+^/ARI model complexes were energy minimized with the default parameters in the protein preparation wizard[@b50].

Graphical programs
------------------

[Figures 1](#f1){ref-type="fig"},[2](#f2){ref-type="fig"} and [7](#f7){ref-type="fig"} were produced with the program Adobe Illustrator (Adobe Systems Inc., San Jose, California, USA). [Figure 3](#f3){ref-type="fig"} was produced with the programs XtalView and Raster3D[@b51]. [Figures 4](#f4){ref-type="fig"}, [5](#f5){ref-type="fig"}, [6](#f6){ref-type="fig"},[8](#f8){ref-type="fig"} and [9](#f9){ref-type="fig"} were produced with the programs UCSF Chimera[@b52] and Adobe Illustrator. [Supplementary information](#S1){ref-type="supplementary-material"}. [Supplementary Tables S1-S3](#S1){ref-type="supplementary-material"}.

Additional Information
======================

**Accession codes:** Atomic coordinates for the reported structures have been deposited in the Protein Data Bank under accession codes [5AXA](5AXA) (ADO complex), [5AXB](5AXB) (NRN complex), [5AXC](5AXC) (3KA complex), and [5AXD](5AXD) (RBV complex).
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![Amino acid sequence alignment of SAHHs.\
Residues involved in nucleoside binding in MmSAHH are highlighted. The coloured lines above the sequence alignment represent the domains in MmSAHH. The domains are coloured for the catalytic (blue), coenzyme-binding (green), hinge (yellow), and C-terminal (red) domains. Insertion segments of 40 amino acid residues exist in MtSAHH, LlSAHH, and PfSAHH but not in mammalian SAHHs are indicated by a purple line. The abbreviations used are as follows: MmSAHH, *Mus musculus* SAHH; HsSAHH, *Homo sapiens* SAHH; MtSAHH, *Mycobacterium tuberculosis* SAHH; LlSAHH, *Lupinus leteus* SAHH; and PfSAHH, *Plasmodium falciparum* SAHH.](srep16641-f1){#f1}

![Nucleosides used in this study.\
(**A**) Adenosine (ADO). (**B**) Aristeromycin (ARI). (**C**) Noraristeromycin (NRN). (**D**) Ribavirin (RBV, drawn as a guanosine analogue). (**E**) Ribavirin (drawn as the adenosine analogue observed in this study).](srep16641-f2){#f2}

![Wall-eyed pair stereo diagrams showing the \|*Fo*\| -- \|*Fc*\| omit map of the bound nucleosides in the active site of MmSAHH.\
To exclude model bias, the structures were refined in the absence of the nucleoside molecule before map calculation. The amplitude \|*F*c\| and the phase angle calculated from the partial structure were then used to calculate the \|*F*o\| -- \|*F*c\| omit map. The contour levels are 4.0 σ (violet) and 8.0 σ (red). (**A**) ADO at 1.55-Å resolution. (**B**) 3KA at 1.55-Å resolution. (**C**) NRN and a water molecule (see text) at 1.65-Å resolution. (**D**) RBV at 1.60-Å resolution. Comparison of (**E**) the electron density around the 3′-sp^2^-carbon of 3KA at 1.55-Å resolution and (**F**) that of the 3′-sp^3^-carbon of ADO at 1.55-Å resolution. Note that the 3′-C, 3′-O, 2′-C, and 4′-C atoms of 3KA are in the same plane.](srep16641-f3){#f3}

![Overall structure of the MmSAHH/NAD^+^/ADO complex.\
(**A**) The MmSAHH tetramer, showing the catalytic (blue), coenzyme-binding (green), hinge (yellow), and C-terminal (red) domains of subunit A. Subunit B is shown in yellow. The molecules of bound NAD^+^ (orange) and ADO (pink) are shown as ball-and-stick models. Symmetry-related molecules in the *I*222 crystal are shown in grey. A crystallographic 2-fold axis is indicated by an arrow and coincides with one of the non-crystallographic 2-fold axis of the *222* symmetry of the tetramer. (**B**) The MmSAHH protomer coloured as in (**A**). The substrate-binding, cofactor-binding, and C-terminal domains are marked. (**C**) A comparison of the crystal structure of the ternary (Enzyme/NAD^+^/ADO closed form) complex of MmSAHH (green) with those of the ternary (Enzyme/NADH/3′-keto neplanocin A closed form) complex of HsSAHH (blue, PDB: 1LI4) and the binary (Enzyme/NAD^+^ open form) complex of RnSAHH (red, PDB: 1KY4). The bound ligands in HsSAHH and RnSAHH have been removed for clarity. Least-square fittings were done with respect to structurally equivalent 155 Ca atoms in the cofactor-binding domain of each molecule. The RMSD was 0.27 Å for MmSAHH vs. HsSAHH and 0.43 Å for MmSAHH vs. RnSAHH.](srep16641-f4){#f4}

![The mode of nucleoside binding in MmSAHH.\
Possible hydrogen bonds are indicated by dashed lines. (**A**) Adenosine (ADO). (**B**) 3′-Keto-aristeromycin (3KA). (**C**) Noraristeromycin (NRN). (**D**) Ribavirin (RBV). (**E**) A superposition of the ADO (transparent pink) and RBV (yellow) complexes. The flipped-out conformation of His301 observed in the ADO and RBV complexes is indicated as H301_out.](srep16641-f5){#f5}

![Cation-binding site of MmSAHH and LlSAHH.\
The bound Na^+^ cation is shown as an orange sphere, and water molecules are shown as cyan balls in the (**A**) MmSAHH/NAD^+^/ADO complex and (**B**) LlSAHH/NAD^+^/ADO complex. The protein residues are coloured as in [Fig. 4A](#f4){ref-type="fig"}.](srep16641-f6){#f6}

![Possible reaction mechanism of the hydrolysis of SAH to HCY and ADO catalysed by SAHH.\
Our crystal structures provide structural information for the final three molecular stages of ADO formation by SAHH and are indicated by green, cyan, and pink.](srep16641-f7){#f7}

![Structural validation of the last three steps of the proposed reaction mechanism for the hydrolysis of SAH to HCY and ADO catalysed by SAHH.\
Hydrogen atoms that transfer as proton ions are shown in blue, cyan, and green. Hydrogen that transfers as a hydride ion is shown in red. (**A**) Step 4: the addition of water to the C4′-C5′ double bond of 3′-keto-4′,5′-didehydroadenosine through a Michael-type addition (left). The MmSAHH/NAD^+^/NRN complex (right) is a structural homolog of this intermediate. (**B**) Step 5: the reduction of the 3′-keto group of 3′-keto ADO to form ADO (left). The MmSAHH/NADH/3KA complex (right) is a structural homolog of this intermediate. (**C**) Reaction product: the binding mode of the reaction product just after step 5 (left). The MmSAHH/NAD^+^/ADO complex (right) represents this state.](srep16641-f8){#f8}

![Dual conformations of His301 are observed in MmSAHH/NAD^+^/ADO complex\
. Flipped-out and flipped-over conformations of residues 300--304 are shown in grey and green, respectively. A putative access channel (HCY-binding site) is indicated by an ellipsoid. The Cys79 and Asn80 residues lining the putative access channel[@b12] are marked.](srep16641-f9){#f9}
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